Background/Aims: The present study aimed to evaluate the effects as well as the underlying mechanisms of bone marrow-derived dendritic cells (BMDCs) and exosomes produced by BMDCs (DEXs) on hepatic ischemia-reperfusion (I/R) injury (IRI). Methods: Primary hepatocytes were isolated and used to mimic the liver IR microenvironment. BMDCs were induced and characterized both biochemically with a flow cytometer (FCM) and biophysically with a microscope. Then, we exposed BMDCs to the supernatants from primary hepatocytes and evaluated the maturation of BMDCs by FCM. BMDCs were systemically injected into mice before liver IR via the tail vein, and the therapeutic effects were evaluated. The serum levels of transaminases (aspartate aminotransferase (AST) and alanine aminotransferase (ALT), inflammatory cytokines, and histological changes were respectively examined by ELISA, RTqPCR and microscopy. Furthermore, we isolated DEXs by ultracentrifugation, characterized DEXs by transmission electron microscopy (TEM) and nanosight tracking analysis (NTA) and western blotting (WB), and then we co-cultured BMDCs/DEXs and naïve T cells and performed FCM, ELISA and confocal imaging. Moreover, we injected DEXs into mice prior to liver IR via the tail vein and examined its therapeutic effects by microscopy and ELISA. Finally, inhibitors of HSP70 (cmHSP70.1), PI3K (BKM120) and mTOR (Rapamycin) were used to investigate the role of HSP70 and the PI3K/mTOR axis in the effects of DEXs on naïve T cells by WB and FCM. Results: Bone marrow cells were efficiently induced into dendritic cells (DCs) with typical DC characteristics. The supernatants from primary hepatocytes exposed to H/R upregulated DC maturation markers. After DC administration, liver IR injury was improved with histopathological scores and serum transaminases. Additionally, we found that the anti-inflammatory cytokines TGF-β, Foxp3 and interleukin (IL)-10 were upregulated and that IL-17 was downregulated. Furthermore, confocal imaging revealed that the uptake of H/R-DEXs by naïve T cells was greater than that of DEXs derived from the control or negative group of BMDCs, and this
Introduction
Hepatic ischemia and reperfusion (I/R), an important clinical problem that affects hepatic surgeries and liver transplantation, frequently induces the injury of remote organs, including the kidney, lung, and heart. In particular, acute kidney injury (AKI) after liver I/R is common (40-85% incidence) and greatly increases patient mortality and morbidity during the perioperative period [1] [2] [3] [4] [5] . Therefore, reducing the adverse effects of I/R injury (IRI) will increase the lifespan of patients after hepatic surgeries.
Innate and adaptive immune responses play important roles in liver IRI. Recent studies have confirmed that dendritic cells (DCs) play a key role in the pathogenesis of liver IRI. Using warm and cold hepatic I/R models, studies have shown different roles for liver-resident versus blood-borne DCs, highlighting the importance of the local microenvironment in determining DC function during hepatic IRI [6] [7] [8] . Additionally, a previous study determined that CD4+ T cells play an important role in liver IRI [9] . Activated CD4+ T cells exhibit various immune functions with distinctive phenotypes. Research has determined that cytokine secretions are the primary effector mechanism in differentiating these CD4+ T cell subsets.
CD4+ T cells include not only Th1 and Th2 cells but also T helper 17 cells (Th17), Tregs and T follicular helper cells (Tfh).
Previous studies have also shown that RAR-related orphan receptor gamma (RORγ)+IL-17+ neutrophils and IL-17A-producing natural killer cells play critical roles in a modified model of liver IRI, which occurred in RAG-deficient hosts [10] . Another study demonstrated that ex vivo-induced Treg cells could protect livers from IRI by inhibiting the activation of Kupffer cells in a liver partial warm ischemia model [11] .
Moreover, some studies have demonstrated that specific T cell populations, such as effector memory CD4+ T cells, play key roles in the I/R process by secreting cytokines and expressing costimulatory molecules to either promote or inhibit innate immune activation or facilitate tissue repair/homeostasis. Additionally, subsets of CD4+ T cells, such as regulatory T cells (Tregs) and Th17 cells, play important roles in liver IRI [12] . Thus, the relationship among DCs, Tregs and Th17 cells plays a key role in liver IRI and could potentially be used as a therapeutic target.
In recent studies, a novel mode of intercellular communication mediated by exosomes, a class of extracellular vesicles, has been implicated in regulating inflammation [13, 14] . Exosomes are small double-membrane vesicles secreted via exocytosis from DCs, macrophages, T cells and cells of other tissue origins under physiological and pathological conditions. Furthermore, the exosomes from antigen-presenting cells can confer therapeutic benefits by attenuating or stimulating the immune response [15] . A recent study showed that dendritic cell-derived exosomes (DEXs) deliver antigen-specific signals and can be regarded as inert vehicles that mimic DCs and activate T cells [16] . The biological function of DEXs in tumors and inflammatory diseases has been demonstrated in a number of studies [17] [18] [19] . However, to our knowledge, there have been no studies investigating the biological function of DEXs in liver I/R or whether DEXs can modulate CD4+ T cell activation and differentiation.
Here, we investigated the hepatoprotective effect as well as the underlying mechanisms of BMDCs and DEXs on hepatic I/R injury. We demonstrated that DEXs may act as activators of CD4+ T cells, which improve liver IRI. Based on these findings, we report a novel endocrine DEX-mediated communication mechanism between DCs and CD4+ T cells that regulates the differentiation of CD4+ T cells and attenuates liver IRI. Fig. 1 shows an outline of the present study. Briefly, we used C57B/L mice as donors for the culture of hepatocytes, bone marrow-derived DCs (BMDCs) and naïve T cells and as the model of liver I/R. Supernatants from primary hepatocytes exposed to hypoxia and reoxygenation (H/R) were applied to mimic the liver I/R microenvironment. We examined the uptake of DEXs by naïve T cells using confocal microscopy. Enzyme-linked immunosorbent assays (ELISA) were used to detect cytokine and protein expression. A flow cytometer was employed to monitor naïve T cell differentiation and proliferation. Real-time quantitative PCR (RT-qPCR) and WB were performed to detect the expression of mRNA and protein, respectively. Using morphometric analysis and immunohistochemistry, liver IRI and the differentiation of Tregs and Th17 cells were evaluated in vivo.
Materials and Methods

Study design
Mice
Male wild type 6-8-week-old mice (C57BL/6) were purchased from The Model Research Center Of Nanjing University and housed under pathogen-free conditions. We used 6-and 8-week-old mice as donors for the culture of BMDCs and naïve T cells, respectively. We injected DEXs into 8-week-old mice, which served as liver IRI models. Animal care and treatment complied with standards approved by the Institutional Review Board of Nanjing Medical University.
Induction of I/R and injection of BMDCs/DEXs
We utilized the established non-lethal model of segmental (70%) hepatic warm ischemia/reperfusion as previously described [20] . Briefly, we anesthetized 8-week-old C57BL mice by ether inhalation and then interrupted the artery and portal venous blood supply to the left and middle liver lobes for 60 min. Body temperature was maintained at 37°C using a warming pad and heat lamp. At the end of the predetermined period following reperfusion, the mice were anesthetized via ether inhalation and euthanized by cervical dislocation for tissue and plasma collection. We injected 1×10 6 BMDCs or 10 µg of DEXs suspended in 100 µl of PBS into the recipient mouse through the tail vein at 1 h prior to I/R (n=6 per group). There was not any reaction at the injection site.
Morphometric analysis
To analyze the size and morphology of ischemia/reperfusion area, the liver tissue was fixed in paraformaldehyde and subsequently embedded in paraffin. Then, 5-µm-thick sections were prepared and stained with hematoxylin and eosin. Finally, the tissue sections were examined using light microscopy and evaluated by Suzuki's score [21] .
BMDC culture
We isolated BMDCs from male 6-week-old C57B/L mice (n=6) as previously described [22] . Briefly, bone marrow was isolated from male 6-week-old mice, the RBCs were lysed, and the sample was washed three times with PBS. We cultured the BMDCs at 10 6 cells/ml in Petri dishes (Corning, New York, USA) in complete RPMI-1640 medium (Gibco, California, USA) containing 10% FBS (Gibco, California, USA) and 20 ng/ml recombinant granulocyte-macrophage colony-stimulating factor (PeproTech, New Jersey, USA). FBS-derived exosomes were depleted by overnight ultracentrifugation. Another 10 ml of complete medium was added after 3 days. Following a routine culture protocol, the medium was changed every half day, and cytokinesis added to maintain the concentration of GM-CSF. On day 10, the BMDC cells were observed by inverted microscope, stained with anti-CD11c-PerCP/Cy5 and analyzed using a FACSCanto flow cytometer (BD, New York, USA).
Isolation and culture of primary hepatocytes
Six-week-old male C57B/L mice (n=6) were used to isolate and culture primary hepatocytes according to a previously described protocol [23] . Briefly, we used ether to perform inhalation anesthesia. Subsequently, we cannulated the infrarenal IVC and transected the portal vein to enable adequate drainage of blood and perfusion media. We perfused the liver with approximately 30 ml of liver perfusion media (Gibco, California, USA) and then switched to liver digestion media (Life Technologies, California, USA). In a cell culture hood, we transferred the liver from a 50-mL polypropylene conical tube containing digestion media into a sterile tissue culture dish and removed undigested tissue particles and cell debris. The cells were subsequently plated in 2 mL of Williams' Media E 1X (Gibco, California, USA) containing supplements (Life Technologies, California, USA) for thawing and plating primary hepatocytes on collagen-coated six-well plates. After 4 h, the medium was changed to Williams' Media E 1X containing supplements (Life Technologies, California, USA) for the maintenance of primary hepatocytes.
Simulation of the liver IR hepatocyte microenvironment
We used the supernatants from primary hepatocytes exposed to H/R as previously described [24] to mimic the liver I/R microenvironment.
To generate H/R conditions, we washed the primary hepatocytes three times with PBS and used the AnaeroPack-Anaero Anaerobic Gas Generator (MGC, Tokyo, Japan) to absorb O 2 and produce CO 2 . Following the manufacturer's instructions, a pink oxygen indicator that turned blue when the O 2 concentration was greater than 5% was used to detect O 2 . We placed the culture plate in an incubator with 5% CO 2 /95% N 2 under constant temperature and humidity for 3 h. The plate was subsequently removed from the hypoxia chamber and placed in a normoxic environment for 6 h. Serum-free medium was applied to mimic the ischemic condition. At the conclusion of the reoxygenation period, we collected the supernatants to stimulate BMDCs.
In addition, we removed cell membrane particles by centrifugation at 1500 g for 30 min and collected 100 µl of the supernatant. We added the supernatants to 1×10 6 BMDCs, followed by culture for 24 h. We used the same conditions with the supernatants from normal hepatocytes (Control group) and the supernatants from the culture of BMDCs (Negative group). After 24 h, the BMDCs were stained with anti-CD40-PE, anti-CD80-PE, anti-CD86PE and anti-MHCII-PE (eBioscience, California, USA) and then measured by using a FACSCanto flow cytometer (BD, New York, USA).
DEX isolation and identification
For in vitro and in vivo experiments, we isolated exosomes from approximately 1×10 6 BMDCs cultured in media containing the different supernatants described above for 24 h. We performed differential centrifugation to isolate exosomes from the conditioned medium [25] . Initial spins consisted of a 10-min spin at 1, 000 g, followed by a 2, 000 g spin for 10 min and a 10, 000 g spin for 30 min. The supernatant was retained each time. The supernatant was then centrifuged at 100, 000 g for 70 min, and the pellet was resuspended in 1 ml of PBS to dilute the remaining soluble factors, followed by another centrifugation at 100, 000 g for 70 min. The final pellet contained the exosomes, which were resuspended in culture media. All experiments were performed under sterile conditions. The exosomes were subsequently evaluated by transmission electron microscopy (TEM), WB and nanoparticle tracking analysis (NTA).
Electron microscopy
After a standard staining procedure with 0.5% uranyl acetate [25] , TEM was performed on a Joel 1010 transmission electron microscope (JEOL Ltd, UK).
Nanoparticle tracking analysis (NTA)
Based on the rate of Brownian movement of nanoparticles in solution according to their sizes, NTA was applied [26] . Briefly, we directed a 405-nm laser light at a fixed angle to the vesicle suspension and captured the scattered light with a microscope and high-sensitivity camera. By tracking the movement of individual nanoparticles over time in exosome preparations, we calculated exosome diameters using Nanosight LM10-HS software (Malvern Instruments Ltd, Worcestershire, England). We captured and analyzed five recordings of 30 s each and analyzed data from at least 5000 individual particle tracks per sample.
Isolation and quantification of naïve T cells
We used magnetic-activated cell sorting (MACS, Miltenyi Biotec, Germany) to isolate naïve T cells. Following the manufacturer's protocol, the negative selection of naïve T cells from eight-week-old C57BL mice spleens (n=6) was performed. Then, the cells were stained with anti-CD4-FITC (BioLegend, San Diego, USA) and examined with the FACS Canto flow cytometer (BD, New York, USA).
Th17 and Treg cell differentiation
We cultured purified naïve CD4+ T cells ( 2×10 5 ) in a plate pre-coated with anti-CD3 (5 µg/mL) and anti-CD28 antibodies (2 µg/mL) (BioLegend, San Diego, USA). For Th17 cell differentiation, we incubated naïve CD4+ T cells with TGF-Β1 (5 ng/mL), IL-1 (20 ng/mL), IL-6 (20 ng/mL) and IL-23 (25 ng/mL) (PeproTech, New Jersey, USA) in the presence or absence of DEXs. After 1, 6, 12, and 24 h of differentiation, we stained the Th17 cells with anti-CD4-APC, anti-CD3-FITC and anti-IL-17-PE (BioLegend, San Diego, USA) and analyzed these cells by flow cytometer. Additionally, for the differentiation of Tregs, a plate previously coated with anti-CD3 (5 µg/mL) and anti-CD28 antibodies (2 µg/mL) (BioLegend, San Diego, USA) was used to culture purified CD4+ lymphocytes with TGF-β1 (5 ng/mL) and IL-2 (500 IU/mL) (PeproTech, New Jersey, USA) in the presence or absence of DEXs. After 1, 6, 12, and 24 h of differentiation, the cells were labeled with anti-CD4-FITC, anti-CD25-APC and anti-FoxP3-PE (BioLegend, San Diego, USA) and analyzed using the FACS Canto flow cytometer (BD, New York, USA).
CD4+ T cell proliferation assays
Following the manufacturer's protocol, we measured CD4+ T cell proliferation by staining purified CD4+ T cells with carboxyfluorescein diacetate succinimidyl ester (CFSE, eBioscience, California, USA). We cultured 1×10 6 naïve CD4+ T cells for 24 h and stimulated these cells with phytohemagglutinin M (PHA-M, 5 µg/mL, Sigma-Aldrich, Missouri, USA) in the presence or absence of DEXs. After 24 h, we harvested the cells and analyzed the samples by flow cytometer.
Interaction of CD4+ T cells and DEXs
We labeled DEXs with PKH67 (Sigma-Aldrich, Missouri, USA) following the manufacturer's protocol and incubated 100 µlof PKH67-labeled DEXs with 5×10 4 CD4+ T cells in 0.5 mL of medium for 24 h. At 1, 6, 12, and 24 h, CD4+ T cells were fixed with 4% paraformaldehyde and stained with Dil (Sigma-Aldrich, Missouri, USA). A Leica TCS SP8 Confocal Laser Scanning Microscope (Leica Microsystems, Germany) was used to analyze the samples.
For the DEX uptake experiments, DEXs were labeled with a PKH67 Green Fluorescent Cell Linker kit (Sigma-Aldrich, Missouri, USA) as previously described [16] . Briefly, we diluted DEXs in PBS and added these cells to 1 ml of Diluent C (Sigma-Aldrich, Missouri, USA). In parallel, we added 4 μl of PKH67 to 1 ml of diluent C and incubated this mixture with the DEX solution for 4 min. Subsequently, 2 ml of 0.5% BSA/PBS was added to bind any excess dye. Finally, we washed the labeled DEXs, diluted these cells in 100 μl of PBS and used this suspension for the uptake experiments.
CD4+ T cells were fixed with 4% paraformaldehyde and stained with PKH26 (Life Technologies, California, USA). We used the Leica microscope as described above to analyze the cells. The Leica application suite Advanced Fluorescence Lite and LAS AF Lite software (NIH) were used to capture and analyze the images.
Analysis of cytokines
We used ELISA kits from BD Bioscience (New Jersey, USA) according to the manufacturer's protocols to examine the level of serum transaminase (ALT and AST) and the release of inflammatory cytokines (IL-10 and IL-17).
Incubations with chemical inhibitors
Exosomes were added to cells and incubated for 30 min. Where indicated, inhibitors were added to the cells 30 min prior to and during exosome treatment. Inhibitors were used at the concentrations according to Huijts et al. [27] . Exosomes were pretreated with antibodies (anti-cmHsp70.1) for 30 min at a ratio of 1 [28] .
Flow cytometry
For measuring maturation of BMDCs, we stained the BMDCs with anti-CD11c-PerCP/Cy5, anti-CD40-PE, anti-CD80-PE, anti-CD86PE and anti-MHCII-PE (eBioscience, California, USA) and analyzed these by flow cytometer. For measuring differentiation of Tregs and Th17 cells, the flow cytometer was utilized. Tregs were analyzed by flow cytometry using FITClabeled antibodies against CD4, APC-labeled antibodies against CD25 and PE-labeled antibodies against Foxp3 (Biolegend, San Diego, USA). Th17 cells were stained with anti-CD4 APC, anti-CD3 Alexa Fluor 488-A and anti-IL17 PE (Biolegend, San Diego, USA). Staining was performed in PBS supplemented with 0.1% BSA and 0.02% sodium azide for 30 min at 4°C.
Intracellular and nuclear transcription factor staining was performed according to the manufacturer's protocol (Biolegend, San Diego, USA). The cells were examined on the FACS Canto flow cytometer and analyzed by Flow Jo v10.0.7 software.
RT-qPCR and western blotting (WB)
Total RNA was extracted from cells and organs using Trizol reagent (Invitrogen, California, USA) according to the manufacturer's protocol. Reverse transcription was performed using HiScript Q RT SuperMix for qPCR (Vazyme, Nanjing, China) following the manufacturer's protocol. Real-time quantitative PCR analysis was performed using a SYBR RT-PCR kit (Vazyme, Nanjing, China) and the LightCycler 480II Real-Time PCR system (Roche, California, USA). Table 1 . The data were normalized to the expression levels of mouse β-actin.
Protein was isolated with RIPA lysis buffer (Beyotime, Shanghai, China). Total protein levels were quantified using a Bio-Rad (Hercules, CA, USA) protein assay, and equal amounts of protein were loaded and separated using 10% (CD63, CD81, p-AKT, HSP-70) or 8% (p-mTOR) SDS-PAGE (Beyotime, Shanghai, China), followed by immunoblotting with the appropriate antibodies. The following antibodies were used: anti-CD63, 1:200 (Santa Cruz, Texas, USA), anti-CD81, 1:1000 (Abcam, Massachusetts, USA), anti-PI3K, 1:1000 (Cell Signaling Technology, Danvers, MA, USA), anti-p-AKT, 1:1000 (Cell Signaling Technology, Massachusetts, USA), anti-HSP-70, 1:1000 (Abcam, Massachusetts, USA) and anti-p-mTOR, 1:1000 (Cell Signaling Technology, Massachusetts, USA). After incubation with primary antibody overnight, the membranes were washed and incubated with HRP-conjugated secondary antibodies (Cell Signaling Technology, Massachusetts, USA). Then, a chemiluminescence kit (Thermo fisher, California, USA) was used to detect the fluorescence. The WB were quantified using Image Lab (Bio Rad, California, USA).
Statistical analysis
Data are expressed as the means±standard deviation (S.D.). We used the Mann-Whitney U test, Student's t test and one-way ANOVA to compare treatment groups. Statistical analysis was performed 
Results
Supernatants from H/R primary hepatocytes promote DC maturation
Based on flow cytometric analysis, cultured bone marrowderived dendritic cells (BMDCs) had a purity of approximately 90% ( Fig. 2A and B) . Supernatants from hypoxic/reoxygenation (H/R) primary hepatocytes were applied to BMDCs to mimic the IR microenvironment. BMDCs were exposed to supernatants from H/R primary hepatocytes (H/R group: H/R-BMDCs) and normal liver cells (Control group: CONBMDCs) for 24 h. Compared with the unstimulated group (Negative control group: NEG-BMDCs), the expression of the DC maturation markers CD40, CD80, CD86 and MHCII was substantially increased after exposure to the supernatants from H/R primary hepatocytes (Fig. 2C) . 
Mature DCs alleviated liver I/R injury by modulating the balance between Treg and Th17 cells
To determine the impact of DCs in liver I/R, we injected BMDCs through the mouse tail vein at 1 h prior to I/R. Morphometric analysis and Suzuki's scores (Fig. 3A and B) showed that H/R BMDCs improved liver IRI to a greater extent than BMDCs from the negative and control groups. Additionally, the results of serum transaminase tests (ALT and AST, Fig. 3C and D) showed a significant decrease in H/R.
Furthermore, male wild-type mice were treated with NEG-BMDCs, CON-BMDCs or H/R-BMDCs at 1 h prior to liver I/R. At 6 h after liver IR, RT-qPCR results showed that H/R BMDCs induced significant upregulation of the anti-inflammatory cytokines TGF-β, Foxp3 and interleukin (IL)-10 and downregulation of IL-17, compared with the CON-BMDC and NEG-BMDC groups. Other inflammatory cytokines, such as TNF-α, IFN-α, IL-1, IL-2, IL-4, IL-5, IL-6 and IL-12, were not significantly different among the BMDC groups (Fig. 4A ). These results demonstrate that BMDCs can relieve liver IR injury in part by modulating cytokine expression from Tregs and Th17 cells.
In the present study, based on the aforementioned RT-qPCR results, we analyzed serum IL-10 and IL-17 by ELISA. We observed that serum IL-10 in the H/R-BMDC group was significantly higher than that in the control and negative groups, whereas the concentration of serum IL-17 displayed the opposite pattern of expression compared to IL-10 ( Fig. 4 B and  C) . 
BMDCs modulated the balance between Tregs and Th17 cells via DEXs
The cytokine analysis results suggested that BMDCs could alter the ratio of Tregs to Th17 cells. To further verify that BMDCs could regulate these immune cells, the co-culture of BMDCs and naïve T cells was performed using 0.4-µm Transwell culture plates. According to flow cytometer, H/R-BMDCs upregulated the differentiation of Tregs and inhibited the differentiation of Th17 cells (Fig. 5A and B) . To determine the function of DEXs, UW4869 was used to inhibit the release of DEXs. Based on ELISA and flow cytometry, the ratio of Tregs to Th17 cells in the UW4869-treated group was significantly lower than that in the control group, whereas the ratio of Th17 cells to Tregs was considerably higher (Fig. 5A, B and C) . These results demonstrate that DCs can modulate the balance between Tregs and Th17 cells, which was dependent on the release of DEXs.
DEXs modulated the differentiation of Tregs and Th17 cells
To investigate the impact of DEXs on naïve T cells, we isolated DEXs as previously described [26] and characterized these cells by transmission electron microscopy and WB ( Fig. 6A and B) . NTA was used to examine the concentration and size of DEXs. The results showed that there were more and larger particles in the medium from the H/R-BMDC group than in the media from the CON-BMDC and NEG-BMDC groups (Fig. 6C and D) . We 
then prepared co-cultures of naïve T cells and DEXs to induce the differentiation of Tregs and Th17 cells. We found that the number of Tregs in the H/R-DEX group was significantly greater than that in the CON-DEX and NEG-DEX groups (Fig. 7A) , while the number of Th17 cells was lower in the H/R-DEX group compared to that in the other groups (Fig. 7B) . We also investigated whether DEXs could modulate CD4+ T cell proliferation. We observed that H/R-DEXs significantly repressed CD4+ T cell proliferation at 24 h following phytohemagglutinin stimulation, whereas no significant differences in proliferation were found after CON-DEX or NEG-DEX stimulation or after no stimulation (Fig. 7C) .
Finally, we used confocal imaging to observe the uptake of DEXs. A separate comparison of the negative, control and H/R groups was conducted. We found that uptake of H/R-DEXs by naïve T cells was significantly greater than the uptake of CON-DEXs or NEG-DEXs (Fig.  7D) .
Injected DEXs improved liver function in mice post-IR
To verify the function of DEXs in liver IR injury, we injected DEXs into mice through the tail vein and examined the histological differences between the different groups at 1, 6, 12 and 24 h post-IR. According to morphometric analysis and Suzuki's scores, we found that IR injury was reduced in the H/R-DEX group compared to the CON-DEX, NEG-DEX and noninjected groups (Fig. 8A) . In addition, H/R-DEXs downregulated the levels of serum ALT and AST, as well as inflammatory IL-17 compared with the CON-DEX, NEG-DEX and non-injection groups. Anti-inflammatory cytokines, such as IL-10, were significantly upregulated by H/RDEXs ( Fig. 8B and C) . These in vivo results demonstrated that H/R-DEXs improved in vivo IR injury by modulating the balance between Treg and Th17 cell populations.
DEXs mediated the transport of HSP 70 to naïve T cells
A previous study showed that HSP70 plays a critical role in liver IR injury [15] . During kidney ischemia, CD11c+ dendritic cells and/or F4/80+ macrophages are the main source of HSP70 expression [29] . We used supernatants from H/R and normal primary hepatocytes to stimulate BMDCs. WB results showed that HSP70 expression was significantly higher in the H/R-DEX group than in the control and negative groups (Fig. 9A) . Thus, we inferred that DEXs could transport HSP70 into T cells.
Furthermore, previous studies have demonstrated that HSP70 interacts with T cells mainly via toll-like receptor (TLR) 2 and TLR4. In addition, a recent study demonstrated that phosphatidylinositol 3-kinase (PI3K)/AKT, p38 and c-Jun N-terminal kinase (JNK) mitogen-activated protein kinase (MAPK) were involved in HSP70-dependent activation of Tregs [30] . PI3K inhibition alone might offer antitumor efficacy without the detrimental selective expansion of Tregs associated with mTOR inhibition [27] . To verify the transport and function of HSP70, the co-culture of DEXs and naïve T cells was performed. WB revealed that HSP 70 promoted PI3K expression and the phosphorylation of AKT and mTOR in H/R-DEX-treated naïve T cells (Fig. 9B) . Then, we used inhibitors of HSP70 (anti-cmHSP70.1), PI3K (BKM120) and mTOR (Rapamycin) to inhibit the expression of HSP70, PI3K and mTOR in DEXs and naïve T cells, prepared co-cultures of DEXs and naïve T cells, and induced the differentiation of Tregs and Th17. Based on flow cytometry, cmHSP70.1, BKM120 and Rapamycin inhibited the differentiation of Tregs and promoted the differentiation of Th17 cells (Fig. 9C ). In addition, there was no significant difference between the BKM120-and rapamycin-treated groups (Fig. 9C) . WB showed that inhibitors of HSP70, PI3K and mTOR blocked the expression of PI3K and the phosphorylation of both AKT and mTOR. Treatment with either BKM120 or Rapamycin alone decreased mTOR phosphorylation (Fig. 9D) . Thus, these results demonstrate that HSP70 modulated the differentiation of Tregs and Th17 cells via the PI3K/mTOR axis.
Discussion
In the present study, we demonstrate a novel and significant relationship between DCs and CD4+ T cells, and the function of DEXs in liver IRI. The results show that a large quantity of exosomes is secreted from BMDCs when expose to an H/R hepatocyte microenvironment, and the release of exosomes modulates the balance between Treg and Th17 cells. Many studies have demonstrated that the mechanism triggered by transplanted cells significantly contributes to liver IRI [31, 32] . Various proteins secreted by DCs play important roles in the improvement of liver function. In addition, a previous study demonstrated that the blockade of TIM-4 on DC significantly inhibited T helper-2 cell differentiation, induced CD4+ CD25+ Foxp3+ T regulatory cell (iTreg) expansion and improved liver IRI [8] . In the present study, H/R primary hepatocytes are used to mimic the liver ischemic condition. The results show that supernatants from H/R primary hepatocytes up-regulate the expression of BMDC maturation markers (CD40, CD80, CD86 and MHC-II) and also HSP70, consistent with previous studies showing that DC maturation markers increased after liver IRI [6] . Moreover, observations of serum transaminase levels and morphological changes revealed that BMDCs can ameliorate liver IR injury and that H/R-BMDCs modulated liver IR injury to a greater extent than NEG/CON-BMDCs, according to the RT-PCR results. Thus, we determined that BMDCs relieve liver IRI by modulating the numbers of Tregs and Th17 cells. The present study demonstrates the relationships among BMDCs, the balance between Tregs and Th17 cells and liver IRI.
Exosomes, as cell-free products, exhibit potential for circumventing many of the limitations of using DCs as therapeutic agents. The use of non-cell therapy methods has shown several promising prospects in reducing long-term side effects, such as arrhythmia, calcification, and multi-directional differentiation [33] . Reportedly, exosomes derived from antigen-presenting cells activate T and B cells and have been explored for their immunestimulatory properties in cancer therapy. The immunosuppressive properties of exosomes derived from macrophages and DCs reduced inflammation in animal models of several inflammatory disorders [15, 34] . In autochthonous hepatocellular carcinoma mouse models, DEXs treated in the tumor microenvironment reduced the number of Tregs and the serum concentrations of IL-10 and TGF-β [35] . Using the exosome inhibitor (UW4869), the regulating action of BMDCs on the differentiation of Tregs and Th17 cells is inhibited, suggesting that DEXs can mediate the differentiation of Treg and Th17 cells and accelerating research to determine whether DEXs in the post-I/R hepatocyte microenvironment activate naïve T cells and modulate the balance between Tregs and Th17 cells. In the present study, DEXs accelerated differentiation of Tregs and inhibited the differentiation of Th17 cells. Furthermore, H/R-DEXs modulate the balance between Treg and Th17 cells to a greater extent than did CON-DEXs or NEG-DEXs. Additionally, confocal imaging revealed that naïve T cells directly endocytosed DEXs, and there was a greater uptake of H/R-DEXs by naïve T cells. Furthermore, when we injected DEXs into mice through the tail vein prior to IR injury, we observed the alleviation of IR injury by the upregulation of IL-10 and downregulation of IL-17. These in vitro and in vivo results showed that H/R-DEXs promote the differentiation of Tregs, repress the differentiation of Th17 cells and the proliferation of CD4+ T cells, and trigger homeostatic liver protection after IRI.
Previous studies have reported that HSP70 also plays a crucial role in liver IR injury [30] . In other tissue models, such as kidney IR injury, HSP70 induced reno-protective effects, which were partially mediated by CD4+CD25+Foxp3+ Treg cells [29] . The present study demonstrated that DEXs promote the differentiation of Tregs. WB results showed that the expression of HSP70 is enhanced in DEXs after stimulation in the post-IR hepatocyte microenvironment as mimicked by incubation with H/R hepatocyte supernatants. Furthermore, the HSP70 inhibitor can inhibit the differentiation of Tregs. These results demonstrate that HSP70 in DEXs mediated the differentiation of Tregs.
Finally, a previous study showed that HSPs interact with T cells mainly via TLR2 and TLR4 [36] . PI3K/AKT, p38 and JNK MAPKs were also involved in the HSP70-dependent activation of Tregs, while the MAPK ERK1/2 had a much lower impact on Tregs [30] . PI3K inhibition alone might exert antitumor effects without the detrimental selective expansion of Tregs associated with mTOR inhibition [27] . Similar to these findings, we observed the activation of PI3K/AKT and mTOR after stimulation with H/R-DEXs. Furthermore, after treatment with the mTOR inhibitor rapamycin or the single pan PI3K inhibitor BKM120, Treg differentiation is inhibited. Thus, these results suggest that HSP70 modulated the differentiation of Tregs by stimulating the PI3K-mTOR signaling axis.
In conclusion, DEXs protect the liver from IRI by modulating the balance between Tregs and Th17 cells. Furthermore, liver IR increased the expression of HSP70 in DEXs. DEXs transported HSP70 into naïve T cells and stimulated the PI3K/mTOR axis to promote Treg differentiation (Fig. 10) . Therefore, DEXs are worthy of further investigation as a potent strategy to protect the liver from IRI.
Study limitations
There were several limitations in the present study. First, while there are a number of methods for DEX isolation, it is impossible to achieve complete purity of exosomes in cellular supernatants; consequently, a significant amount of proteins and protein aggregates may still be present in the isolated fractions. Additionally, we could not exclude the potential involvement of non-exosomal HSP70 or rule out other unknown inducers of the PI3K/ mTOR axis. Second, DEXs taken up by naïve T cells modulated the differentiation of Treg and Th17 cells, and HSP70 played a critical role in this process. However, exosomes are clearly complex vesicles that contain an assortment of different membranes, soluble proteins and different types of RNAs. It is therefore difficult to address all of the mechanisms underlying the differentiation of naïve T cells by DEXs. Third, the percentage of H/R-DEXs endocytosed by naïve T cells was significantly higher than the percentage of CON-DEXs and NEG-DEXs. Additional studies are needed to confirm the role of DEX recruitment. Finally, the present study showed that DEXs improved liver IR injury by modulating the balance between Tregs and Th17 cells. However, CD4+ T cells not only include Th1 and Th2 cells but also Th17 cells, Tregs and Tfh cells, with both pro-and anti-inflammatory functions. Further studies are needed to address the function of DEXs in these other T cell subsets.
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